ABSTRACT. MicroRNAs (miRNAs) are major post-transcriptional regulators of gene expression. In an attempt to gain insights into miRNAs at the macroevolutionary level, we performed a systematic analysis of miRNAs in six model organisms based on their evolutionary rates. First, we calculated their miRNA evolutionary rates, and found that they did not correlate with the complexity of the organisms. A correlation between evolutionary rates and single nucleotide polymorphisms (SNPs) in the miRNA sequence suggested that slow-evolving miRNAs in humans tolerate more SNPs than miRNAs with similar evolutionary rates in other species. However, fast-evolving miRNAs had lower SNP densities in humans than in the fruit fly. We also found that evolutionary rates were correlated with the proportion of parasite or clustered miRNAs. This correlation exhibited a different pattern in zebrafish, which may be related to significant genome duplication in the early vertebrates. The minimized free energy of the miRNA stem-loop structure was not correlated with the evolutionary rates of any species in our analysis. After evaluating relative miRNA expression levels, we observed that newly emerged miRNAs in complex species would integrate into the gene network at a faster pace and be functionally important; therefore, miRNAs may have accelerated human evolution.
INTRODUCTION
MicroRNAs (miRNAs) are a class of endogenous, small, non-coding RNAs that can activate, degrade, or suppress the expression of target mRNAs. They are about 22 nt in length, and account for 1-5% of the genome in a number of species, ranging from animals to plants. They regulate more than 30% of all genes, and participate in almost every biological process, including metabolism, cell differentiation, growth, the cell cycle, etc. Thus far, 24,521 pre-miRNA stemloop sequences and 30,424 mature miRNA sequences from 206 species have been deposited in miRBase (release 20) (Kozomara and Griffiths-Jones, 2014) . Many miRNAs in different species are conserved. For example, let-7 is present in worms, fruit flies, and humans.
miRNAs bind to the argonaute protein, and form an RNA-induced silencing complex that mainly targets the 3'-untranslated region of an mRNA to mediate mRNA degradation, or to suppress expression. However, the impact of miRNAs on the regulation of gene expression is controversial. It is widely believed that the two main functions of miRNAs are "tuning", which is related to regulating gene expression levels, and "buffering" (also called "canalization"), which is reducing the expression variants of the target gene. For example, in flies and mammals, miRNAs had been shown to reduce target gene-expression divergence (Cui et al., 2007) , consequently increasing species adaptability and flexibility. However, other studies have found that genes targeted by miRNAs have greater expression divergence (Lu and Clark, 2012) . Since gene expression patterns can be treated as quantitative phenotypes, the miRNA regulation system may increase diversity within a species. Indeed, support for this theory comes from the studies of Lu and Clark (2012) , who found that miRNAs increase variation in human gene expression. Therefore, by increasing gene expression variation, miRNAs may contribute to the high divergence and complexity across species. However, regardless of the theories, miRNAs are tightly bound to the evolutionary process.
The origin of miRNAs can be traced to early metazoans. miRNAs, distinct from transcription factors, evolve quickly and undergo a fast turnover (Nozawa et al., 2010) . After integrating into the gene network, miRNAs perform important functions and are seldom lost during the evolutionary process (Wheeler et al., 2009) . Intriguingly, during the evolution of bilateria and vertebrates, miRNA expansion coincided with animal body-plan formations and phenotype metamorphosis (Christodoulou et al., 2010; Berezikov, 2011) . The largest expansion of miRNAs has thus far been observed in rodent and primate lineages (Guerra-Assunção and Enright, 2012) . In the mammal lineage, miRNAs seemed to have evolved rapidly, with some newborn miRNAs getting lost while many others with increased expression were conserved in the nervous system, thus displaying robustness in the gene networks (Meunier et al., 2013) . Such rapid evolutionary rates have also been observed during the early evolution of marsupials and the late evolutionary history of humans (Iwama et al., 2013) . All of these findings indicate that miRNAs are linked to phenotype formation and thus species evolution.
In general, the emergence of a new miRNA is more likely than a new protein-coding gene, because the formation of the stem-loop structure in the short miRNA sequence is simple (Chen and Rajewsky, 2007) . A novel miRNA could evolve from the following genomic sources: 1) gene duplications, including tandem duplications and non-local duplications; 2) introns (Isik et al., 2010) ; 3) transposable elements (Yuan et al., 2011) ; 4) pseudogenes, snoRNAs, and tRNAs (Pederson, 2010) ; 5) antisense miRNA transcripts; and 6) de novo emergence (Liu et al., 2008) . miRNAs with high evolutionary rates are mostly young, reside in introns, are expressed at low levels, and seem species-specific (Wang et al., 2011; Guerra-Assunção and Enright, 2012; Zhu et al., 2012) . In humans, miRNAs with low expression levels have high evolutionary rates (Liang and Li, 2009) . miRNAs involved in the upstream activities of gene regulation pathways always evolve rapidly and tend to target proteins with low evolutionary rates, while miRNAs acting downstream of gene regulation evolve more slowly and target fast-evolving proteins (Qiu et al., 2010) . In fruit flies, the evolutionary rates of miRNA backbones are negatively correlated with miRNA expression levels, but are positively correlated with miRNA biogenesis error rates (Shen et al., 2011) . Young human miRNAs have been found to have low expression levels, high tissue specificity, high minimized free energy (MFE) in the stem-loop sequences, as well as high substitution rates, in both pre-miRNAs and flanking sequences (Zhu et al., 2012) .
Since these studies have been conducted on closely related organisms, it is difficult to envisage miRNA evolution at the macro-level. In a previous study, we reported that miRNA systems differed between six model organisms, Caenorhabditis elegans, Drosophila melanogaster, Danio rerio, Rattus norvegicus, Mus musculus, and Homo sapiens (Mao et al., 2014) . In this study, we performed additional data mining of the miRNA system in the six model organisms based on their evolutionary rates, in order to ascertain whether the results obtained by previous studies are generally applicable, and to improve our understanding of global miRNAs in a variety of organisms.
MATERIAL AND METHODS

miRNA data sources and genomes
In this study, we selected six model organisms: the worm Caenorhabditis elegans (Cel), the fruit fly Drosophila melanogaster (Dme), the zebrafish Danio rerio (Dre), the brown rat Rattus norvegicus (Rno), the mouse Mus musculus (Mmu), and the human Homo sapiens (Hsa). These model organisms are landmarks in evolutionary history, and have been well studied. For each species, we chose a closely related organism to retrieve homologous sequences of miRNAs, and their flanking regions, for calculating evolutionary rates. The genomes of all of the species were downloaded from the UCSC Genome Browser (Table 1) . The miRNA precursor, mature sequence, and seed information were downloaded from miRBase (release 20). 
Determining miRNA evolutionary rates
Using BLAST alignments, miRNA precursors were mapped to their respective repeatmasked genomes. From the BLAST results, we identified the locations of miRNAs and sequences of non-miRNA regions with less than 5 nt mismatches. Flanking sequences of the same length at both ends of the miRNAs were retrieved. If a flanking sequence was overlapped by a clustered miRNA, we retrieved the non-overlapped sequence next to the clustered miRNA. Making use of the genome alignments from UCSC, we located homologous sequences of miRNA precursors and flanking sequences in the compared species. Then, we used T-Coffee (Notredame et al., 2000) to align the miRNA precursors and flanking regions with their homologous sequences. From these alignments, we calculated the sequence divergence between the miRNA precursors and their homologous sequences using PAML (Yang, 1997) , setting matrix K80 marked as D p . We then calculated the sequence divergence between the flanking sequences and their homologous sequences, marked as D f , in the same way. The miRNA evolutionary rate was calculated as R = D p / D f ; R = 1 indicated neutral selection, R < 1 indicated negative selection, and R > 1 indicated positive selection. We sorted all of the miRNAs into five groups; miRNAs with rates <0.3 were clustered into Group I, 0.3-0.7 into Group II, 0.7-1.3 into Group III, 1.3-2.0 into Group IV, and >2.0 into Group V.
Assessing miRNA evolutionary rates using single nucleotide polymorphism (SNP) data
We retrieved SNP sites for the model organisms from the SNP database, dbSNP (version 138) (Smigielski et al., 2000) . Pre-miRNA sequences and flanking sequences in the same group were concatenated together. The ratio of the SNP frequency in the miRNA sequences to that in the flanking sequences was calculated to estimate the miRNA evolutionary rate. Then, Spearman's rank correlations were performed in the R program (R Core Team, 2013) to investigate associations between the SNP ratios and evolutionary rates.
Intergenic or intragenic miRNAs, clustered miRNAs, and miRNAs' secondary structure MFE
By comparing the gene sites with the miRNA sites, we ascertained whether each miRNA was intergenic or intragenic. miRNAs were clustered together if the distance between two miRNAs was <10 kb, based on previous reports that the distance between two consecutive miRNAs is always <5 or >50 kb (Meunier et al., 2013) . The MFE of the miRNA secondary structures was calculated using RNA-fold (Bompfünewerer et al., 2008) . Using R programming, Spearman rank correlations were performed to investigate relationship between the miRNA evolutionary rate and the proportion of clustered miRNAs, and between MFEs and evolutionary rates.
miRNA target genes
We collected two kinds of miRNA target gene sets: 1) experimentally validated target genes, and 2) in silico predicted target genes. Validated target gene data were downloaded from TarBase (Vergoulis et al., 2012) , miRTarBase (Hsu et al., 2014) , and miRecords (Xiao et al., 2009 ). The predicted gene data were downloaded from microRNA.org (Betel et al., 2008) , TargetScan (Lewis et al., 2003) , miRNAMap 2.0 (Hsu et al., 2008) , and PITA (Kertesz et al., 2007) . To reduce the probability of false positives, we only used the miRNA-target pairs that were predicted by no less than two tools.
miRNA functions
To perform a functional analysis of the miRNAs we used the program DAVID , and the results obtained on molecular function, biological processes, KEGG pathways, and tissues were retrieved to calculate the proportions of functional miRNA-target pairs out of the total miRNA-target pairs in each group. This analysis was performed to investigate the functional differentiation of miRNAs in species with different evolutionary rates.
miRNA expression levels
We retrieved 60 small RNA sequencing libraries from the NCBI Sequence Read Archive (SRA, http://www.ncbi.nlm.nih.gov/Traces/sra). The accession numbers and tissue information of all of the sequencing data are provided in Table S1 . All of the miRNA mature sequences were then aligned against the small RNA sequence library, allowing only one base mismatch. The relative pre-miRNA expression level in one library was measured as the maximum number of normalized reads mapped to its own mature sequence. These reads were normalized by dividing the number of mapped reads by the total number of mapped reads, multiplied by 1 million, and obtaining its log 2 value. The final miRNA expression level was estimated from the maximum expression levels in all of the libraries for each species. Finally, correlations between miRNA evolutionary rates and expression levels were investigated using R.
RESULTS
miRNA evolutionary rates
We used the same method that had been used in previous studies (Liang and Li, 2009; Qiu et al., 2010; Zhu et al., 2012; Jovelin, 2013) , and classified the miRNAs into five groups for each species (see Table S2 for details). The distributions and proportions of miRNAs in each group among the six organisms are presented in Figures 1 and 2 . miRNAs in humans had the fastest evolutionary rates and those in rats had the slowest, which suggests that fast-evolving miRNAs in the rat have not yet been discovered. miRNAs in the worm had higher evolutionary rates than in the fruit fly. This suggests that the selective pressure in the worm may have been lower than in the fruit fly, so miRNAs would exhibit more polymorphisms. Previous studies have shown that fast-evolving miRNAs are younger, less conserved, closely related to species differentiations, and exhibit significant tissue specificity (Zhu et al., 2012) . Consistent with this, we found that the proportions of fast-evolving miRNAs (Groups IV and V) increased in mice and humans, but decreased in worms and fruit flies, indicating that fast-evolving miRNAs could have played a more important role in complex species than in less complex species.
miRNA evolutionary rates and SNPs
SNP sites obtained from the public databases were not suitable for calculating singlemiRNA evolutionary rates because of the randomness and incompleteness of the SNP data. However, the ratios of SNPs in concatenated pre-miRNAs to SNPs in the same-length flanking regions could be used to estimate the evolutionary rates in a group (Liang and Li, 2009; Zhu et al., 2012) . In general, SNP densities were much lower in the worm, zebrafish, and rat than in the other species. Therefore, we only used the SNP data from the fruit fly, mouse, and human to test groups classified by their evolutionary rates. The results revealed a consistency between the evolutionary rates and the SNP ratios, and suggested that fast-evolving miRNAs have more SNPs in their precursor sequences. It is a known fact that polymorphisms and evolutionary rates are correlated (Liang and Li, 2009) . However, this correlation exhibits different patterns in different species. We observed that in miRNA Group I, humans had a high SNP ratio (0.8823), although in the fruit fly and mouse the SNP ratios in Group I were only 0.1834 and 0.3210, respectively (Figure 3 ). This suggests that conserved miRNAs could be more diverse in humans than in other species. Among the five groups, the deviation was the lowest in humans. SNPs in pre-miRNAs could lead to variations in miRNA expression, SNPs in mature sequences could change the expression levels of target genes, and SNPs in seed regions could switch from one target gene to another (Wu et al., 2009; Lu and Clark, 2012) . Humans have more complicated gene networks, and consequently greater flexibility to endure more SNPs, even in conserved miRNAs, which could have provided more diversity in the human population. Fast-evolving miRNAs (Group V) exhibited lower SNP density ratios in humans than in fruit flies. This suggests that fast-evolving miRNAs may perform important functions in higher species. High SNP densities are not found in functional miRNAs. (Hsa) . Group I miRNAs in humans had a much higher ratio than those in the fruit fly or mouse, whereas Group V miRNAs in humans had a lower ratio than that in the fruit fly.
miRNA evolutionary rates and genomic sources
miRNA genes have been shown to be intergenic or intragenic. When within a protein coding gene, they mainly reside in an intron. Only a small fraction of miRNAs have been located in the coding region of host genes (Berezikov et al., 2011) . We found that fast-evolving miRNAs had the highest proportions of intragenic miRNAs, as found by Wang et al. (2011) , except in the zebrafish (Figure 4) . Young or fast-evolving miRNAs preferred to be intragenic, which in turn suggests that introns might be a good location for the emergence of new miRNAs. We also found that miRNAs were more likely to be parasitic in more complex species, such as the mouse and human.
Some miRNAs cluster together and share the same expression elements. The distance between any two consecutive miRNAs has always been <5 or >50 kb (Meunier et al., 2013) . Therefore, we clustered miRNAs within 10 kb of each other ( Figure 5 ). The results show that slowevolving miRNAs are more likely to cluster, except in the zebrafish. Clustered miRNAs appear by gene duplication, and exhibit increased expression levels (Meunier et al., 2013; Sun et al., 2013) . This suggests that old or slow-evolving miRNAs were created mainly by gene duplication and assumed functional roles by increasing their expression levels, thus displaying the early evolutionary patterns of miRNAs. We further observed that regardless of the proportion of intragenic miRNAs or clustered miRNAs, the trend in the zebrafish was the opposite of that observed in the other five species. Zebrafish had a small proportion of intragenic miRNAs but a large proportion of clustered miRNAs, particularly in the fast-evolving miRNA groups. We also found that zebrafish had a number of miRNAs that share the same precursor sequences (74 in 319, 23.2%), which was much higher than in the other species (all below 4%). In addition, we found 38 non-miRNA regions with less than 5 nt mismatches to the precursor miRNA sequences, which were also higher than in the two simpler species, the fruit fly and the worm (6 and 16, respectively). All of these data indicate a different evolutionary pattern of miRNAs in the zebrafish, and that new miRNAs were mainly created by duplication. This pattern could have occurred because of the high rate of duplication in the early vertebrate genome (Gu et al., 2009; Sun et al., 2013) , which could also have increased duplication errors and provided genetic sources for later miRNA evolution.
miRNA evolutionary rates and MFE
Research on the fruit fly has revealed that the robustness of miRNAs is due to the acquisition of new functions (Price et al., 2011) . miRNA MFEs are stable in miRNAs with different evolutionary rates and ages (Shen et al., 2011; Zhu et al., 2012) . To determine whether these principles are universally applicable to all miRNAs, we performed Pearson's correlation tests to ascertain whether associations existed between miRNA evolutionary rates and MFEs in all six model species. We found a significant correlation between evolutionary rates and MFEs (P < 0.05) in the fruit fly, mouse, and rat. miRNA evolution in the zebrafish is undergoing a significant duplication, as mentioned earlier. Therefore, many miRNAs in the zebrafish share similar MFEs. The absence of a correlation in the human genome suggests that human miRNAs could have evolved to stabilize structures that enable them to perform important functions. We found that Group I miRNAs had the lowest standard variation in MFEs in all six species (data not shown). This suggests that conserved miRNAs are more likely to have conserved and stable secondary structures, rather than to gain lower MFEs, for recognition by the miRNA genesis pathway. To investigate differences in miRNA MFEs across species, we performed pairwise Wilcoxon rank sum tests between the six species. As shown in Table 2 , significant differences existed between most values. Interestingly, mouse miRNAs had high MFEs (not shown in Table 2 ), and were not significantly different to the fruit fly. Humans were significantly different to the other species, except for the worm and zebrafish. Next, we compared mammalian miRNA MFEs with non-mammalian miRNA MFEs, and vertebrate miRNA MFEs with non-vertebrate miRNA MFEs, and performed two-sample Wilcoxon rank sum tests. The corresponding P values were 0.05549 and 9.723E-6, respectively. It is evident from these results that significant differences exist between vertebrates and non-vertebrates, which suggest that the efficiency of precursor miRNA recognition by the miRNA genesis pathway may have evolved in early vertebrates. In a previous study, we found that miRNAs have distinct target preferences across species (Mao et al., 2014) . To investigate whether miRNA evolutionary rates play a role in this, we collected experimentally validated and in silico predicted miRNA target genes for all six species. We annotated the functions of miRNA-target pairs using the program DAVID, and calculated the proportion of every function-related miRNA-target pair in the five groups among the six species. Pearson's correlation tests were used to elucidate the relationships between these proportions and their respective evolutionary rates. From these analyses, we were able to infer whether miRNAs in the same group regulated certain functions.
Since our previous study indicated that higher-species miRNAs were more likely to target genes performing "binding" functions, we specifically investigated this relationship in this study. However, no correlation was found between miRNA evolutionary rates and "binding" related to miRNA-target pair proportions. The proportions of some functionally related miRNA-target pairs were significantly positively correlated (P < 0.05) with miRNA evolutionary rates among human in silico target data, such as "regulation of myeloid cell differentiation", "positive regulation of gliogenesis", and "positive regulation of translation". However, the proportions of some functional miRNAs, such as "embryo gut development", "cellular response to heat", and "organic anion transport", were significantly negatively correlated (P < 0.05) with miRNA evolutionary rates. In the validated data, we found significant, positive correlations (P < 0.05) between the proportions of functional miRNAs, such as "eye morphogenesis", "cell death", and "regulation of Ras protein signal transduction", and miRNA evolutionary rates. "Regulation of vesicle-mediated transport", "cell adhesion", and "energy derivation by oxidation of organic compounds" were significantly negatively correlated (P < 0.05) with evolutionary rates.
We also found significant correlations (P < 0.05) in tissue-related miRNA-target data in each miRNA group in humans. Among the validated and in silico target sets, fast-evolving miRNAs were more likely to target genes expressed in the "retina", "cerebellum", "B-cell", "neuron", "pancreas", etc., many of which are nervous system components. This might have contributed to the complexity of Homo sapiens, particularly in nerve tissue. Our results confirmed that fast-evolving or young miRNAs may participate in specific mechanisms and increase species complexity.
miRNA evolutionary rates and expression levels
Using small sequencing data from the NCBI SRA database, we calculated relative miRNA expression levels (see Methods). To minimize bias from spatial and temporal variations in miRNA expression patterns, we chose the maximum normalized level in 10 different tissues to evaluate miRNA expression in each species. The average expression levels of each group in the six species are shown in Figure 6 . We observed significant negative correlations between miRNA evolutionary rates and expression levels in all of the species, except the zebrafish. Previously, it was shown that fast-evolving miRNAs have low expression levels in the worm, fruit fly, and human (Liang and Li, 2009; Shen et al., 2011; Zhu et al., 2012; Jovelin, 2013) ; our results indicate that this is not applicable to all species. Details of the expression levels are provided in Table S3 .
To investigate further, we performed Pearson's correlation tests between miRNA evolutionary rates and expression levels ( Table 3) . The results supported our hypothesis that a negative correlation occurs in all species, except the zebrafish. Because the zebrafish is in the lineage of the early vertebrates, it probably experienced significant genomic duplications.
Therefore, most miRNAs probably exhibited lower evolutionary rates, as we observed in Groups I and II. Pre-miRNAs sharing same sequences in the zebrafish genome probably increased the number of miRNA copies and caused a high level of expression. Figure 6 . miRNA expression levels in each group in the six species studied. Expression levels were normalized for each organism; therefore, the expression levels of different groups can only be compared within the same species, rather than between different organisms. Except in zebrafish, slow-evolving miRNAs exhibited high expression levels, while fast-evolving miRNAs exhibited low expression levels. Cel, Caenorhabditis elegans; Dme, Drosophila melanogaster; Dre, Danio rerio; Rno, Rattus norvegicus; Mmu, Mus musculus; Hsa, Homo sapiens. In addition, we obtained very low P values in humans, and a rho value (indicating the correlation) close to zero. This indicates the existence of a significant correlation in humans, but the variations in expression due to evolutionary rates were the lowest in humans among the six species. This suggests that differences in expression levels between young and old miRNAs may have been decreased, and that young miRNAs could have already performed important functions in humans. Iwama et al. (2013) reported an increase in miRNA expression that was specific to the initial hominoid lineage. Therefore, fast-evolving miRNAs in humans may have been subjected to high, positive selection pressure, which may not have been the case in the other five species.
DISCUSSION
miRNA evolution can be divided into two phases (Chen and Rajewsky, 2007) . Due to the length of miRNA seeds, nascent miRNAs can target multiple genes, which may be deleterious to an organism. Therefore, new miRNAs are, in general, expressed at low levels and are subjected to sequence divergence. In the second phase, malignant miRNAs would be purified by natural selection, while other miRNAs would perform important functions and join the gene networks. Then, selected miRNAs would increase their expression levels and gain time and space specificities. Such miRNA sequences tend to be conserved.
The SNP data we collected were consistent with the evolutionary rates. Additionally, slowevolving miRNAs in higher species had more SNPs in their precursor sequences. This could be due to the complex gene regulation networks in higher species, which provide more buffering capacity and allow more SNPs in miRNA sequences. In agreement with the results of a previous study (Lu and Clark, 2012) , we found that SNPs in miRNAs contribute to variations in target gene expression in complex species. Therefore, miRNAs probably increase both genotypic and phenotypic diversity in these species. However, in less complex species, SNPs seldom occur in conserved miRNAs due to the weak buffering ability of simple gene networks. Hence, these miRNAs probably perform "canalization" functions (Ebert and Sharp, 2012) in these species.
Analysis of the miRNA locations showed that slow-evolving miRNAs are usually clustered. This indicates that ancient miRNAs mainly evolved by gene duplication. Fast-evolving miRNAs tend to be intragenic, suggesting that de novo miRNAs tend to emerge from the introns of host genes. Zebrafish exhibited a unique pattern in these comparisons. In this species, slow-evolving miRNAs were the majority, and a large number of same sequence pre-miRNAs and miRNA-like regions were found. Correlations between evolutionary rates and intragenic and clustered miRNAs exhibited the opposite trends to those found in the other species, indicating that gene duplication could have been the main mechanism of miRNA evolution in this species, and led to the large expansion of miRNA copies and an increase in miRNA expression. Accumulated errors in the miRNA duplications probably became the source for later evolution.
Finally, the molecular functions of target genes could have decided miRNA functions. Young or fast-evolving miRNAs were mainly expressed at low levels. Their preferences for certain biological processes indicate the direction of miRNA evolution, and their expression levels indicated whether the miRNAs had integrated into gene networks. In humans, slow-evolving miRNAs had higher expression levels and lower SNP density ratios than in other species, except zebrafish, demonstrating that these miRNAs could be rapidly integrated into gene networks, thereby accelerating human evolution. Because this study is based on previously reported data in public databases, it is biased towards well-studied species and genes. However, it provides new insights into miRNA evolutionary rates and miRNA functional analysis.
